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Outline:

Jet quenching
Direct photons: high pT, thermal, correlations
J/¥, cold nuclear effects, suppression, v2

Heavy Flavor via non-photonic Electrons. Charm
and Bottom

Two particle correlations, ridge, Mach cone
Anisotropic flow v, and v,
Conclusions
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PHENIX 2008. New detector sets

TOF-W: MultiGapResistive Plate 2
chambers with strip readout,

~75ps time resolution,
PID at high p;

PHENIX Detector

Muon Piston Calorimeter:
400 PbWOQO, crystals
Forward physics in pp
Reaction plane determination in AA
3.1<n| < 3.7

Reaction Plane Detector:

oul ZDC North
2 x 2 rings with 12 scintillator counters —— rr" le'p T wo
each. |M |
Reaction plane determination in AA \ ‘
Trigger counter for low energy runs s\ SideView / o
n=1.0%1.5,n=1.5%2.8 Muon arms
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p+p d+Au Au+Au Cu+Cu
22.4 GeV '
62.4 GeV ‘ ' '
130 GeV O
200 GeV O O O O
Reference sQGP ?

h*-, 10, - n, o, p, K% ,A, e (from c & b)
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sQGP @ RHI
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1. Jet quenching, Nuclear Modification Factor R, ,

New data:

*Extended beam energy range down to 22 GeV
*Wider momentum range

*New particles

*Better statistics
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More new data...
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Beam energy scan

n0 Cu+Cu 22,62,200 GeV (Run 5)

arXiv:0801.4555
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Suppression is not seen at low energy.
Model calculations indicate quenching expected

at Vs, = 22 GeV, but Cronin effect

dominates ?
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Suppression increases with beam energy

o Suppression at p; = 4 GeV/e: f—
-9, 21 B Pb+Pb— n%+X 0-7% central [WA98|
% A  Pb+Au — 7+ X 0-5% central [CERES]
&) S+AU — m%+X 0-8% central [WASO]
TI' @ Au+Au = m°+X 0-10% central [PHENIX]
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Dependence on Particle Species:
p°, h, f, J/yy, ® Mesons and Direct yin Au+Au at 200 GeV

directy, 0-10% =

« 1.6r
<

|
o - AutAu, \s, = 200 GeV S o
1.4  PHENIX preliminary A 0,0-10%
= e J/V,0-20%
1.2 — ® w,0-20%
1B RRET e
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« Same suppression pattern for 0 and n:
Consistent with parton energy loss and fragmentation
in the vacuum

« Ry, for ¢'s larger than n® R, , for 2 < p; < 5 GeV/c
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Mass ordering brakes?
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n0&n* are suppressed by ~4-5

v's hold the N, scaling

n falls dead on n°

Baryons are enhanced including
strange (not shown).

PHENIX. For XIX Baldin Seminar
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w is suppressed (inconclusive)
¢ behaves differently. Why?
K* is at low p, no overlap.

K* behaves like 19?

J/W looks like K*... ?
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2. Direct photons

CDirect photons are an important probe to
iInvestigate the characteristics of evolution of
the matter created by heavy ion collisions.
B Penetrate the strong interacting matter
B Emitted from every stage of collisions
0 Hard photons (High pT)
— Initial hard scattering, Pre-

Central Au+Au at RHIC

log scale

equilibrium A
O Thermal photons (Low p_T) o |\ thermal: 5T
— Carry the thermodynamic ;'__3 Decay photons
. . 0 —
information from QGP and hadron - (P N, --)
gas S ~10 GeVio
c |
B 1
| : hard: p¥
3-6GeVic ' pT (GeV/c)
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High Pt photons spectrum Au+Au
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Check of NN-binary scaling

2r
n:ﬁ — directy R 0-10%
181 ' R, 0-10% (arxiv.org:
= AU+AUNE =200 GeV 4 0-10% (andiv.orgoooo.yyyy)
16— ¥ 1R, 0-10%
14—
12—
£ s LY S v >
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e Direct Photons
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B Sy 3
0.2 Semme®enase® @ 2 | .
n: Ll I i * + ]
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Run 4 (QM06): High p- v suppression? Pr (GEVIE)
Isospin (charge) effect ? €< Data for p+p were used as
a reference. Over normalized? Need p+n and n+n !
(d+Au, last year Run8!)
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Direct y v, : Au+Au 200 GeV
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Low pT Photons

Long-awaited results for both p+p and Au+Au E PHENIX
O Experimental determination is very important since §1 i Preliminary

g10’ i
applicability of pQCD is doubtable in low pT region. 2/ Subtraction
In ‘real’ photon measurement %o

O Measured yield with a large systematic error
Difficulty on measuring low pT “real” direct

photons
1. Finite energy resolution of the EMCal
2. Large hadron background

1¢ ]
_\\\|IH‘\II‘\H|IH[III‘HI L1111
0 2 4 6 8 10 12 14 16

Alternative method to measure low pT direct photons fScE
— Measure e*e- pairs from ‘virtual’ direct photons

PHENIX. For XIX Baldin Seminar, 17
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New method: to use di-electrons from internal conversion

Direct photon production process,
like gluon Compton scattering

q+g—=>q+Y,
has an associated process through

internal conversion
q+g—2>g+y«—2>q+ete

Kroll-Wada

formula,
symbolic
representation

d?n / dm ¢ = Foep (Mge)*S*dn

factor Foep — can be calculated in
QED,

S=1 for P,,>>m,

arXiv:0804.4168

Formula works also for meson Dalitz decays and factor S is related to meson form factor

PHENIX. For XIX Baldin Seminar,

Dubna 2008
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H T TEL .
Di-electron spectrum. “Cocktail” comparison
arXiv: 0802.0050 arXiv: 0706.3034
p+p Au+Au
s_a““"“"'|“'|"'|' -1|III1|III'I|IIII|I|||||||||||||||II|IIII|IIII
10°E pip at\s = 200 GeV 20F -t wvos / = 2 "°F min. bias Au+Au at \[sy, = 200 GeV
n * DATA _:. )::[ee :E ::[pvmm; : = DATA 70— yee ¥ - ee
10 ‘glzggssewc 1(]"1 poree —bF -+ ee (PYTHIA) 10"2 ! iYi <0.35 PR B Yee L_l.i' —3 £B
: i 0 cesos DY e (PYTHA) pr>02GeVic ., yee -= T - ee (PYTHIA)
1074 (1§ sweveetmee —am T = TN - poree e ct — ee (random correlation)

N, dNId_‘m“ (c’a’GeV_,'l IN PHENIX ACCEP
=] 5
5L

1GeV] IN PHENIX ACCEPTANCE

2

M, (GEV/c?)

 dN/dm,_ [c
—
=

ev

—

(=]
4

1/N, dN/dm,, (¢7/GeV) IN PHENIX ACCEPTANCE
3

N

",

O p+p
B Excellent agreement with cocktalil
O Au+Au
B Large enhancement in low mass region
B |ntegrated yield in150MeV < m,, < 750MeV

— Real/cocktail = 3.4 £ 0.2(stat) £ 1.3(sys) + 0.7(model)
PHENIX. For XIX Baldin Seminar,

03/14/2008 Rencontres de Moriond[-)%ﬁ)aa%gcmgh Energy Interactions -

IIIIIII.I.| IIIIIIII| IIIIIIII| IIIIIIII| IIII||I.I.| L LI

3 38T s
m,, [GeV/c’]
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m.. , pr Sliced Mass Spectra

Normalized by the yield
in m,, < 100MeV

- Tpgg T~ T T T
iob Al po I -
LN Y 0<pr<8GeVic 0<pr<0.7GeVic ]
R | o E
- . g, . oo :
107 E - e (1 b ; il E
= ‘ = o ] | 3
10° 1 | £ _J]_
i +
- e B T B e
£ 0.7<pr<1.5GeVic 1.5<pr<8GeVic N
e PHENIX Preliminary 7
10*;— —;— g .
F 7 -y " g
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10° . ! ! L ! IR —o S IR IR BT BTN B =
0 0.2 0.4 06 0.8 1 1 0.2 0.4 0.6 0.8 1 1.2
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[J Shape differences between p+p and Au+Au are larger at lower pT.

PHENIX. For XIX Baldin Seminar,
Dubna 2008

O Au+Au
® p+p
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%)

Ed’N/dp®(GeV’c?) or Ed’c/dp’ (mb GeVc

Thermal Photon Spectra via
internat conversion

exp + TAA scaled pp

10%s

= o & AuAu MB x10°
10°E

C o ®  AuAu 0-20% x10¢
10°=

E O =  AuAu 20-40% x10

= — —
e © o -
P L = o

-
=
|5

e
R
IIII|IIII|IIII|III-

- | I | | I I I |
0 /5 4 5 6
NLO pQCD (W. Vogelsang)

PHENIX. For XIX Baldin Seminar,
Dubna 2008

P, (GeVic)

The virtual direct photon fraction is
converted to the direct photon yield.

P+p
O First measurement in 1-4GeV/c
O Consistent with NLO pQCD

— Serves as a crucial reference

Au+Au
O Above binary scaled NLO pQCD

— Excess comes from thermal photons?

TABLE I: Summary of the fits. The first and second ervors

are statistical and systematical, resp;cﬁe_lj..'\

centrality dN/dy(pr = ].GEV;‘C:I/ T MeV) \ v:/DOF

0-20% 1100204+ 030 [ 221 +£23+£18 | 3.6/4
20.40% 052 +008+£014| 215+£20+£15 | 52/3
ME 033 +0044£009 \ 224 +16+£19/ 0.9/4

Mean photon temperature in

collision

arXiv:0804.4168
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Two-particle Direct Photon-Jet ¢ Correlation Measurements

q Yy Y
» Excellent Complement to h-h di-jet Ddi :E:

» “Leading Order” Picture g a 9 9
» Exact Momentum Balance w/ Away- Compton Annihilation
Side Jet Direct Photon Processes at LO
» Compton Dominance (h-h) ) __
) p+p: Measure Gluon Distribution gﬂ,,_pﬁ’gmx 1<p“':ﬁ2: IR
Function S T I VSTV S YV
} A+A a2t 0' z: lim[ml]

» Calibrated Probe of Energy Loss

» More sensitive (?) probe than single
particle spectra or Di-Hadron

Correlations | | |
» Like having one of your jets fu R e . =
2 0 2 « 2o rad]
PHENIX. For XIX Baldin Seminar, 22
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It works nicely... (hew p+p results)

« Qver a wide range of pt bins, clear Compton awayside-dominant signature
 New PHENIX highest precision p+p dataset

Run 5/6 Combined Statistical Method @ 200 GeV
1<pr.<2 GeV 2<pr <3 GeV 3<Pr <5 G Vv 5<pr <10 GeV

(X1 B - o n%h

o - 1 i . :
o.usi— EEIE . M}s; © _ n-_n @>5<pT,t<7 GeV
[ ; r hd P

Y-trig p;

/dA

7< pr<9 GeV

.L”QdN

1/N

: o 1 1" 1 o j
o4 LI [ i F ] B
; ﬁ L % "’1; L] o5f i o {1 9<pr<12 GeV

12< py <15 GeV

F_PHEENIX{\ | preliminary _
. A¢ [rad] .
. away side No near side for photon
near side tri |
PHENIX. For XIX Baldin Seminar, rgger:
Dubna 2008
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Away-side |
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ey

Direct y trigger: Au+Au away-side suppression,

IAA

Scan on hadron momentum

Run 4 200GeV AuAu 0-20% =
= < <7 GeV —]
] 5 pT-'.l'M Ge 5
! } Mean ]
3 . value E
o ! 1 1=
: ~— :
E PH ENIX -
r Preliminary 3
T T AT (Pl A sl ) Y Lol TN L
1 2 3 4 5 6 7
Py, [GeVic]

Scan on tigger momentum

1.2_ LA L Y L R B I L L N L B B B L L B ]
1: Directy-h Run 4 200 GeV Au+Au 0-20% ]
X PHENIX Preliminary .
0.8 n :
0.6;— _
0.4
-] I .
0.2 T N
i 0- e
- .

' ' | A T

0% %6 8 10 12 14
I:)T,trigger

PHENIX. For XIX Baldin Seminar,
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Mean Value 1,, (away side) vs Centrality

Mean R 1 . IIM (p;SSchp;rrzg)de
A assoc& yirig
Value pr o APr
/ AA (p Ta, % T7) 1‘6; Run 4 200 GeV Au+Au 0-20% gy  -h
145 5<p,  <15GeV - prpnyx o
1.4 2% PT:{ 10 GeV Profiaiemcy « T'Ryp
1;—.}
0.8 {. +
0.6F" t }
04 @ + 3 +
0.2 t
0: PN | PR [N T T ST T TS NN T T T T T Y M S S
0 50 100 150 200 250 300 350
Nnart

* l,a ~= Raa =2 surface bias paradigm (still with large uncertainties)
» First look @ Run7 statistical improvements look encouraging

PHENIX. For XIX Baldin Seminar, 25
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3. /¥

PHENIX. For XIX Baldin Seminar,
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J/y d+Au: Cold Nuclear Matter effects

Jhy

Rya, 200 GeV
SR * Increased Run 5 p+p statistics

EKS Model

(x10 Run 3)
« |Improved & consistent p+p and
dAu analysis

— Improved alignment,
resolution, yield extraction,...

— Cancellation of systematic
errors in Ry,

* Result: CNM =
=0,1,2,3,5 mb (top to bottom) Shadowing(EKS) + Ogeauyp =

breakup 2 . 8 m b

—— Best Fito

- +1.7 . . . .
breakup — 2-0 1.4 MP | — Consistent within errors with
| | [ 1 1 | [ 1 | 1 | [ 1 L 1 | | | L 1 preVious results

| | [ 1 | | [ 1 |
0322

arXiv:0711.3917

-1 0 1 2 3 .
- — and with og,g ,,=4-2+/-0.5mb
Rapidity (SPS result)rea up

Run8 d+Au ~30 times larger statistics is coming

PHENIX. For XIX Baldin Seminar, 27
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J/y suppression in Au+Au: include CNM

Effects
Jy Ry a, 200 GeV (Run4)

RAA

0.8
0.6
0.4

0.2

—@— PHENX Au+Au Data |y|<0.35 (sy,rstqamI +12%)

EKS Shadowing + & = =X _+11;' mb

NDSG Shadowing + Gpy,, = 2214 mb

|yl<035 il b b

G-

« Large errors still (need Run 8 d+Au, Run 7 Au+Au)

100 150 2l:ll.'| 250 300 350 400
Number of Participants Au+Au

<
<L

o 1:_
0.8
0.6/
0.4

0.2 B

12<|y|<22 @

—a— PHENIX AutAu Data 1 2<|y|<2.2 (sy'stqmﬂl + 79%)

EKS Shadowing + o, =287 mb
NDSG Shadowing + 6, .= 22 /£ mb

50

1l:ll:l 15l:l 2l:ll:l 250 300 350 400
Number of Participants Au+Au

arXiv:0711.3917

— Comparison suggests more forward suppression beyond CNM than at

mid-rapidity

— BUT models shown don’t describe Rg,, impact parameter dependence

PHENIX. For XIX Baldin Seminar,

Dubna 2008
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mid
RM

/

More look on rapidity dependence

forward
AA

08
06|
0.4
0.2

Au+Au 200 GeV
ML w035 ss, triz% (8)]
_ ; P Ivlel1.2,2.2] systghhal= +7 %
'
Ly
[ @i Q 3
— @
PH-<ENIX
' [{] L A ® 71 | At forward rapidity y=[1.2, 2.2]
3 1 | absorption 2 times stronger than in
(] (] central region with high energy dencity.
Recombination of cc-bar pairs?
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J/y Ry, Cu+Cu and Au+Au

J/y Rpp 200 GeV

' i@m
+12¢9
’ SyStgloha\ L U/O Method 1 Cu+Cu
m OrAu syst L £12% Method 1 Au+Au
' — e ! ' ' — ' ' '

L +809

LR Rt D/ ® —— Method 1 Cu+Cu

m AutAu, SYSt par 7% — Method 1 AutAu
| e

o 8

« Approx 2x more J/y statistics in
Cu+Cu sample than Au+Au
sample

— More precise N,,<100 info
« Curves show R,, prediction from

ad hoc CNM fit to R, separately
aty=0andy>1.2

« CNM from R, fit describes
suppression for N, < 100.

e g R4a, CONstraints are not sufficient
- 14/@@@ ' to say if suppre_ssion beyond cold
I - nuclear matter is stronger at
0 e T o Mees A forward rapidity

10 s Npart
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J/y <p?> Cu+Cu and Au+Au
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© Lt 1 h
~ 4L Iyl<o03s 1 lyle1.2,2.2)
NP | Cu+Cu 1 ® Cu+Cu
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v 10 0 g+aAu 1 0 d+Au
- B Au+Au 1 B Au+Au
u_ml Lol Lol Lol Lol Lol L o111
1 10 10 L L 10°
Npart Npart

arXiv:0801.0220

« No (or modest) p; broadening of J/y
— Conspiracy of low p; suppression and recombination?
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Azimuthal assimetry for- J/¥ - ete
at midrapidity

o
=1

1 15 2 25 3 35 4 45
P, (GeV/c

>N 0.3 7I T | T T ‘ L | T 1T | T T | I T T | T T | T T | T T | T T \7

. | Coalescence T |

| at freeze-out (PL3595,202) ... Initial d d J/psi (pRL97:232301)_

FI rSt eve r at R H I C - - in transport model (PLB655,126) maly procuee . PS.I =
0-2 | e in fireball (PLB540, 62) ---.. Comovers (Lynnik priv. comm.) ]

V, - J/¥ =ty coming soon - +initial mix (Zhao, Rapp: priv. comm.) //
0.1— ]

i R ——— i

or R T LI B e GG 2

J/Psi I ? e ) '
S| coalescence - .

B 1 e PHENIX lyl<0.35 [20,60%] (Preliminary) 7

[ Global Syst. = 3% ]

-0.2~ 42% of Run-7 8

= pTE[0,5] GeV/c -

B v,=-0.10=0.10+0.02 |

l | | 1 1 1 1 | L1 11 L4 1 l | | | | .| | 1 1 1 1 l L1 1

5

)

In process, less than half the dataset, muons will help,
no clear model predictions
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4. Heavy Flavor via non-photonic electrons

Heavy flavor (c+b): p+p at Vs =
200 GeV. Good reference
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o '
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Q
w -3
o 10
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|- == PHENIX (RUN5&6) |y| <0.35 —
S— :gﬁr::_xy:uns) ly| <0.35 PH \ Ele
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E d°c/dp® (mb GeVZc?)

Spectra from charm and bottom separately

p+p — (e” + €)/2 + X at\/s=200 GeV

n N PHENIX data(total)

I Illllll‘ _J"IIIIIII|

'y PHENIX data(c — e)
u PHENIX data((b — e) +{b — ¢ — e))
FONLL (total)
FONLL(c — e)
------------ FONLL((b — e) + (b —> ¢ — e))
FONLL(b — e)
. mimim FONLL(b — ¢ — €)

PH:“ENIX

Preliminary

7 8
P, (GeVlc)
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In Au+Au c- and b- quarks are suppressed as light

Au+Au @ \]sN = 200 GeV

quarks!
527\\\\\\I\\\\\\\\\\\\\\\\I\\\\\\\\\\|\\\\7 ﬂ _|||||||||
1,3: RA - 0-10 % :I Zoir:'t-by-point error E n:"t 1.4 _—-_
C - caling error . -
1.6— AutAu @@ ﬁ“ =200 GeV I Uncertainty in T, -] 1.2 |
L {|PRL 98, 172301 (2007) o . ] Tl
1 4; A 7’ without scaling error B :_.
r B nwithout scaling error | 1HHE
1.2 ol o & from heavy flavor By
1;0 H+ + R - 0.8 +
0'8? ..0. ; 0.5: H
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p. [GeVic] % 50

PHENIX : PRL98, 172301 (2007)

:p, > 0.3 GeVic
:p, > 3.0 GeVic
:p, > 4.0 GeVic

T

o

PH ENIX PRL 98, 172301 (200

7)]
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c- and b- quarks flow as light quarks

2

Heavy Flavor Electron v

0.25 7I L I T T 171 I T T 1T I IIIIIIIIIIIIIIIIIIIIIIIIIIII ]
I o ]

““I PRELIMINARY .
0.15— -
0.1 + —
- et ‘ { ]
0.05— ¢ N
C ¢ | ]

- L .
. it -

or 3 .
-0.05 } minimum-bias 5
- Au+tAu /Syy = 200 GeV ]
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05 1 15 2 25 3 35 4 45 5
|
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5. Two particle correlation and jet tomography

Jet reconstruction difficult in

heavy ion collisions

Jet physics can still be studied
via two-particle correlations

Shock wave, Mach/Cherenkov
cone ?

B

T 0 T
”"E 1<pc2 Bap®caGevic '; b < p 0 Bepi ey GeVie ]
003 Au+AU200GeV5-10% “*F™  Au+Au 200 GeV 60-90% 3
u_uz:— _; :1-.2;— - m"“;:
o0 m_ "H‘_“’IIEE:I o = - ]
°_.+ﬂ_ b SESue TN e ol '—:
“"E AurAu624GeV0-10% § o  AurAu624 Ge\-" 4{}80% E id
um@m 3 EI El I near-siae
g I R = :
o By, it m Eﬁ]ﬁ] H.‘P B trigger
Sy -
S5 SN I SO E
ool CurCu200GeVO-10% 3 oof " Cu+Cu 200 GeV au-au%
I=I=M:—[ﬂ —: o.zE—El
s mgmﬁﬁ** IS mm@@
o -~ Iﬁm - I:iJ_: °§_“' ® E@E[_EI!' 3
008 CueCu 624 GeV 0-10% 1 M;_ " Cu+Cu 62.4 GeV 40-80%
0.04] . 0.2~ _,mril i
L + | + ]
0.02 L] ++ +*|ilm|i| 0.1 o o + _:
F e, 4 : +* v L
T e [ o . S away-side jet axis
[ 1'5 z 5573 0 |:|_'5 1 I R ¥ R
Ad (rad)
A2|muthal angle relative to trigger
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‘“ Jets. Medium Response

0 1]

p+p, peripheral Au+Au central Au+Au

Run5 p+p \'syy = 200 GeV inc. y-h Run4 Au+Au '\ s, =200 GeV Cent 0-20% inc. y-h
_____________________ 'pi €[2.0,3.0] GeV/c —~~— pi €[2.0,3.0] GeV/c
S 10,2 PH- “ENIX — PIe{10,2.0 GeV/c '0,1
0.08 §<Pr9| _____ — 1 o.12 = Fretminary-— .
— ) """"""""""""""""" - ~ 0137777 N ’ —0.08
0063 T e e I -
L[z 005 g [Q008 YT T
Fl8004 37T T TN e z|leo006 3Ty
T e E
00033 AR S 004
R EICE S S, W T YNE
0.01 3 i
0.02 e
0.6 0.6
0.2
4 77 0.4 3 2
W, 06 4 A(\?Ua

Away-side Jet  Near-side Jet New:
- Near-side Modification - “Ridge”
- Away-side Modification - “Shoulder”

Typical

Near-side Ridge theories: Boosted Excess, Backsplash, Local Heating,...

Away-side Shoulder theories: Mach, Jet Survival + Recom, Scattering,...
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Q“ Away-side Shoulder Spectra

0 T
Away5|de Shoulder
- 2.0<p?<3.0 GeVic .
LIS =
i 0.6— E
Mid-Central — Central Au-Au: e e ]
- Medium response dominates o : , : E
the shoulder bin (>50 Npart) go.s: 3.0<p3<4.0 GeVic ;
Softer th id 3“:*”4- :
- Softer than p-p away-side — L\,,,-M:_ bt e e g
e , , ]
- Close to inclusive spectrum — & [ 4.0<p;<5.0 GeVvic .
le depend §°6_¢++ :
- Little dependence on trigger T JF .
; gger & L THet e yoy b
p+ selection A ]
e I BN 5.0<p? <10.0 GeVic | ]
1= —
0.8 é
- B H. + .
0.6 ]
04L__+__+__1____+—__-+—__ __—:
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Aaa

0 1]

Away-side
shoulder and
near-side ridge
share a common
centrality
dependence

- Scale similarity
here is largely a
factor of p;
selection?

Amplitude- Centrality

Run4 Au+AU\ Syn = 200 GeV

IIIIIIIIIIIII|IIII|IIII|I|TII|IIIIIII

— = 7]
< 0-2:— ® near-side: 0.5 < |An| < 0.7 fit method —
‘Z o4sC. W shoulder: 0.0 < |An| < 0.7 =
== C .
E 0.16— p: e [2.0,3.0] GeV/c =
[ h _
o1af-  Phel1.020] GeVic + + E
0.12— —]
0.1 + —
0.08/— N + =
0.06 — +¢ —
0.04— N
- +' PH ';'-:_:'E_NIX .
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‘“ Connections - Spectra

0 N
Run4 Au+Au \ s, =200 GeV Cent 0-20%
27wl bl c20301GeViC fitmethod S
P T |1/5] = 0.44(4) . Near-side ridge and
4 e [1/s] =0.36(2) 1 :
S " [1s] = 0322) linclusive) away-side shoulder are
iz“’ both softer than p-p
o | o : counterpart jets
0t .
: 3. "y - Near-side ridge is
! " . possibly harder
B el than away-side shoulder
- PHENIX N, e _ _
. Preliminary £ - Away-side shoulder is
© o AutAunear:(x10) 05<[An|<07 closest to inclusive
o p+p near: (x10) 0.0<|An[<0.7 ]
R e hadron slope
10-51 [ \1~5I 11 I2I L1 I2~5I 11 I3 [ I3'5I [ I4
p" (GeV/c)
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Q“ Away-side by Geometry. Preliminary
data

0] T

Orientation versus Reaction-Plane:
- Reaction-plane resolution sys errors - Black lines (correlate in-out)
-V, sys errors - Red lines (anti-correlate in-out)

out-of-plane
Au+Au\s=200Ge Cent=0—5%J1 <P} ss00 <2 <Pr g <2 CEVIC

0.03 o o 4
@ e -Fepl<I3 LD 75°<lo, -V el
z I ki ~—— ¢
Soo02fF PH ENIX [ ) —Av,
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]
7 oF _
2 4 0 2 4
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AutAu \[s,=200GeV(Cent=30-40%) 1<p_  <2<p <3 GeVic
00 F@ 1o,V rrl<I® (D 75<W, el
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‘; N . . Prefimeriy [ iis .
Soo4f - - B |
g - -
= 0.02 ) 2
ST i >
0  ea——

o .&.¢(N 0 AmM
Need more work to quantify
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6. Anisotropic flow v, and v,

-~

beam 15]¥ 1.5:"_r
. 142V c0S 20 1+42v4c08 4 /|
reaction plane Rt e |
ﬁ : _--;.E_' - %{:_ L J Joesy _1L
X — |/ \u N ./ ! ! \‘-. "
* ! A8, -il 05 0 05 1 hs -1'.5“\‘ 4 05 o 05 1 Fj;"i.'sf

054 / Va=0.2 " 45 ] |,_T_.w

E ‘
W Vz=ﬂ,17"1: - " l* 17
V' q = 15 -E'l"/
.‘.'...(‘ Peter Kolb, PRC 68, 031902 (2003),
nucl-th/0306081
Spatial space asymmetry | _— momentum space asymmetry

n=1

N 1 d°N -
E = 1+2 : -
Y N 142S prcostalo-)

v, =(cos(n(¢—"¥,))

€ Azimuthal correlation with the reaction plane
€ Built up in the early stage and self-quenched, therefore supply the

early information of matter generated in the collision
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Mass ordering of v, and v,
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PHENIX PRELIMINARY

T T T T T LI | T T T T | T
| Au+Auyjs,, = 200 GeV, 20-30% |

PHENIX PRELIMINARY

0.2

01

T T T°1 T | T T T | T
" AutAuys,, = 200 GeV, 30-60% 1

@ V, has been measured as a
function of p; in different
centrality bins for the r, Kand p

€ Mass ordering has been
observed for both v, and v,

Consistent with the
hydrodynamics.
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KE; Scaling of v,

0.08
i +AutAu /s, =200 GeV -
T 20-60% f 0.12
I ® T 7 O  k(va/n 2
0.06 | P T oK 1L 2 1 0.10
f L =E L : '
: o [ g IT % 1%«
<0.04 | T - ] ? =
> | S—
. 1008 %

s i | i I x10
ﬁ g?? : 1 X &;{}% : i 0.04
0.02 - ﬁ T - . g I

[ e T
0.00 —

PHENIX Preliminary 1 0.00
0 1 2 3 0 1 2 3 0.0 0.5 1.0 1.5
Pt (GeVic) KE; (GeV) (KE.l.)Ii‘Icl (GeV)

B The v, follows the KE; scaling well for KE; < 1 GeV

B The number of constituent quark scaling holds for v, when KE;/nq < 1 GeV.
This confirms that matter with partonic degrees

of freedom has been generated at RHIC
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v vy

Au+ Au Collisiony/s=200GeV

- B The ratio of v,/(v,)? is close to
22— . 4'\V2
- PH._ENIX 20~60% 0.9 for the &, Kand p
2 preliminary ® gt
1.8F " KK
- * p+p
1.6 .
1o B Mesons and baryons have similar
“ V,/(V,)? ratio
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- +
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New high pt data on Kaon and Proton v,

Au+ Au Collision\s=200GeV Aut+ Au Collision\'s=200GeV
I . 0.4 — — ~
025/ PH ENIX K'+K E PHENIX pP+p
" preliminary s 0~20% 0.35 Preliminary * 0~20%
B * 20~60% B * 20~60%
0.2 0.3F
i ¥ o
! RTLAR: ! 0.25) ad ! }
0.151 . : o
o . - ™~ B &
> - > 0.2 N +
I . :
- - . H
L C L ]
o1l . ...iigé § {, 0151 o Lot
- * » C - i'
L. 01, .°
L . C "
L a
0.05- . oost
B ¢ - & a
- . - g
_|IIII|IIII||III|IIII|IIII|IIII| _lI||||I||||I|II|IIII|IIII|IIII|IIII|
0o 1 2 3 4 5 6 0o 1 2 3 4 5 6 7
p_(GeVrc) p (GeVic)

»Kaon v, can be measured to 4 GeV/c and protons v, can be measured to 6 GeV/c

»Proton v, starts to drop at p;~ 4 GeV/c
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Charged 7 v, at high pt

Au+ Au Collisionys=200GeV

0.3
[ —~—— e »Charged T v, can be measured to
- PHENIX » 0~20% 6 GeV/c.

0.25— Preliminary ® 20~60%

- 0 » The results are consistent with
i 0~20% m0 results in the overlap p; region.
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pression at pr = 4 GeV/c: -
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Summary

More precise studies of SQGP
matter

— Systematics of R, ,

Y-h correlations

— Jhy
e Initial T and evolution
— Low pr direct y excess

— Dilepton excess
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Conclusion
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Partonic Flow
PHENIX, PRL. 99, 052301 (2007)

N T R T i) = N DR (L B BRI
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Baryon and meson elliptic flow follow the number of constituent quark scaling as a

function of transverse kinetic energy KE-. This indicates that partonic flow builds up
at RHIC

€ How about the higher order anisotropic flow such as v,?
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meson Py spectra PP
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Introductlon SQGP RHIC
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. viscous Mi.kSCOSity Prin

— supports a shear stre.;s 5 =S
. . . 1Y% - ]
— viscosity n defined a: o= ayx —

— dimencinnal ectimate
N = (momentum density )X (mean free path)

_ 1 p
=npmfp=np—=
no @)

large cross sections <« small viscosity

 pbut how small is “small”?
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Viscosity of a “Near Perfect” Fluid
« early hydrodynamic calculations of the medium at RHIC have
assumed zero viscosity: n1 = 0, i.e. a “perfect fluid”

 conjectured lower quantum limit
—derived first Iin (P. Kovtun, D.T. Son, A.O. Starinets, Phys.Rev.Lett.94:111601,

2005)
—motivated hy AdS/CFT (Anti de Sitter space / Conformal Field
Theo 7 < 'l "'esponde %8)
S iy 4 200

== [Helium 0.1 MPa
= Mitrogen 10 MPa
=— Watcr 100 M

« “ordinary” fluids
—water (at normal
conditions)
 n/s ~ 380 nh/4xn
— helium (at A point)
* n/s~9h/4n
« “RHIC fluid”?

150 =

100 —

(47) VISCOSITY/ENTROPY DENSITY

1 llLII 11IIIL'I lﬂl'l.lﬂ
TEMPERATLRE (K
PHE
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J(Ad) (arb. units)

J(Ad) (arb. units)

0.1

0.05 |

0.05

Another handle on path-length:
Reaction plane dependence

<2 GeVl/c, 3<p_“rin<4 GeVic

\A8S0C

Q) 30°<ip, ¥ ppl<dS”

—_A Vg
—A resol.

’ hm

Reaction Plane

4
Ad (rad)

Out-Plane

Evolution of “Head Region” is observed.

Need more work to quantify that
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Measuring n/s

* need observables that are sensitive to shear stress
damping (flow, fluctuations, heavy quark motion) ~ n/s
flow

— R. Lacey et al.: Phys. Rev. Lett. 98:092301, 2007

« “Has the QCD critical point been signaled by observations at
RHIC?”

— H.-d. Drescher et al.: Phys. Rev. C76:024905, 2007

» “The Centrality Dependence of Elliptic Flow, the Hydrodynamic
Limit, and the Viscosity of Hot QCD”

fluctuations
— S. Gavin and M. Abdel-Aziz: Phys. Rev. Lett. 97:162302, 2006
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Heavy Flavor Electron v
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Heavy Flavor via non-photonic Electrons

g 1o HF strongly suppressed,
o 1_5; (a)  0-10% central m == Armesto et al. (I) —; S|gn|f|Cant V2
e = "a“l”e_ers 9113""')& - — Implies high density, small
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‘ ! — Estimate n/s = (1.3-2)/4xn
"k E — Very close to conjectured limit
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PHENIX : PRL98, 172301 (2007)

Prelipinary Run 7 HF v, result:
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Estimating n/s from heavy flavor data

 transport models $ T T T T T
1.6 (2)  0-10% central = == Armesto et al. (I) 3

— Rapp & van Hees (PRC 71, 034907 (2005)) pa 1 vanbesetan )
« diffusion coefficient required for simultaneous __E [l 1, = ... 43«%) Moore& -
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— Moore & Teaney (PRC 71, 064904 (2005)) P, [GeVic]

- difficulties to describe R,, and v,

simultaneously

« calculate perturbatively (and argue that

plausible also non-perturbatively)

~Dyo/ (/(e+P)) ~ 6 (for N, = 3)
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n/s = (1.3-2.0)/4n
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